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Introduction 


The transformation of organic compounds by microbial 
cultures has long been of interest to the pharmaceutical, 
chemical and food industries because of numerous 
advantages compared to chemical synthesis (Pandey et ah, 
2000; Parshikov, 2015; Parshikov, 2016a,b). 

Artemisinin (qinghaosu) is a natural product derived 
from the medicinal herb Artemisia annua, which has long 
been used in traditional Chinese medicine for the treatment of 
fevers. A series of powerful antimalarial drugs have been 
obtained from artemisinin (Ho et ah, 2014). However, recent 
reports show that artemisinin also has effective anticancer 
activity (Ho et al., 2014; Das, 2015). Artemisinin and its 
derivatives show high anticancer activity with both drug- 
sensitive and drug-resistant lines of cancer cells (Das, 2015). 
However, despite the effectiveness of artemisinin, there 
remain problems with its low water solubility, which makes 
the creation of an effective oral dosage form difficult 
(Balducci et al., 2013), and with side effects associated with 
lesions in the brainstem at high doses in experimental 
animals (Genovese and Newman, 2008). These problems 
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force us to search for new and effective artemisinin 
derivatives. 

Artemisinin and its derivatives are useful and effective 
drugs against most chloroquine-resistant strains of P. 
falciparum (Klayman, 1985). However, problems associated 
with artemisinin, including low solubility in water and even 
in oil (Luo and Shen, 1987; Hien and White, 1993; Vroman 
et ah, 1999), have prompted scientists to seek new 
artemisinin derivatives. Some of these artemisinin-derived 
drugs have been reported to be neurotoxic to animals when 
injected (Vroman et al., 1999; Gordi and Lepist, 2004; Liao, 
2009; Medhi et al., 2009; Mannan et al., 2010). There is also 
evidence of reproductive toxicity of artemisinin derivatives at 
high doses in animals (Medhi et al., 2009; Clark, 2012). 
Increasing resistance of malaria parasites to currently used 
drugs, including P. vivax resistance to chloroquine and 
primaquine in parts of New Guinea, Asia, and Africa (Price 
et al., 2011) and P. falciparum resistance to artemisinin in 
western Cambodia, eastern Thailand, and some nearby areas 
(Noedl et al., 2008; Wongsrichanalai and Meshnick, 2008; 
Dondorp et al., 2010; O’Brien et al., 2011), is another 
important reason for developing new antimalarial drugs. 
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Some artemisinin analogs may be obtained by 
semisynthetic processes; for example, artemisinin can be 
easily reduced chemically to the more effective, but 
neurotoxic, dihydroartemisinin (Klayman, 1985; Vroman et 
ah, 1999; Avery et ah, 2002). Other structural changes in 
artemisinin remain a challenge for chemists because of the 
difficulty of introducing specific functional groups by 
conventional synthetic methods. 

Many microorganisms, especially certain fungi, have 
the ability to transform terpenoids regioselectively and 
stereoselectively (Sutherland, 2004; Parshikov, 2016). In this 
book to outline some of the variety of modifications, that can 
be expected from the use of microorganisms for the 
transformation of artemisinins. The biochemical mechanisms 
have scarcely been investigated, but it seems likely that 
cytochromes P450 and perhaps dioxygenases will be found to 
be involved in many of the transformations (Martin et ah, 
2008; Krings et ah, 2009). It is our hope that further 
developments in microbial biotechnology, including the 
discovery of new strains with unique enzyme systems for the 
transformation of artemisinins, may make it possible to 
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derive a variety of newer and more useful drugs from those 
now available. 

Very often the quantity of transformation products and 
their chemical structure depends on the composition of the 
medium for the cultivation of microorganisms. Some 
examples we will consider in this book. 
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1. Transformation of artemisinin 


Artemisinin (I) is the most important antimalarial 
sesquiterpenoid obtained from plants (Klayman, 1985; Luo 
and Shen, 1987; Liao, 2009), although several others have 
been described (Elmarakby et ah, 1987; Chaturvedi et ah, 
2010; Rustaiyan et ah, 2011). Biotransformation of artemisin 
has been aided by studies of QSAR (quantitative structure- 
activity relationships), which suggest modifications of 
artemisinin that are likely to increase antimalarial activity 
(Avery et ah, 2002). Although many terpenoid 
biotransformations produce metabolites with less antimalarial 
activity, the products nevertheless may be useful for further 
modification (Liu et ah, 2006). Occasionally, inactive 
compounds may be transformed to active metabolites by 
microbial processes (Musharraf et ah, 2010). 

The bacterium Nocardia corallina ATCC 19070 on 
dextrose-peptone-yeast extract medium transformed 
artemisinin to deoxyartemisinin (II, yield 24%), which lacks 
antimalarial activity, in 14 days (Lee et ah, 1989). Cultures of 
Aspergillus flavus on Sabouraud dextrose broth in 48 h 
transformed artemisinin to deoxyartemisinin (II) with a yield 
of 30.5% (Srivastava et ah, 2009): 
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The fungus Cunninghamella elegans ATCC 9245 on 
malt extract-sucrose-peptone medium (true medium see by 
reference Parshikov et al., 2006) transformed artemisinin to 
four different hydroxylated derivatives, 7|3-hydroxy-9a- 
artemisinin (III, yield 6.0%), 4a-hydroxydeoxyartemisinin 
(IV, yield 5.4%), 7(3-hydroxyartemisinin (V, yield 21.0%) 
and 6(3-hydroxyartemisinin (VI, yield 6.5%). The 7p- 
hydroxyartemisinin product (V), which cannot be produced 
chemically, is valuable for further synthesis of candidate 
antimalarial compounds (Parshikov et al., 2004a): 






V 


VI 


In publication Parshikov et al., 2004a accidently was 
described Sabouraud dextrose medium and as result high 
scale experiment in fermenter was not successful. 

The same strain Cunninghamella elegans ATCC 9245 
(Zhan et al., 2017) on Sabouraud dextrose brothin 14 days 
transform artemisinin (I) in four products which were 
identified as 6(3-hydroxyartemisinin (VI), 7a- 
hydroxyartemisinin (VII), 7(3-hydroxyartemisinin (V), and 
6(3,7a-dihydroxyartemisinin (VIII). Product (VIII) is a novel 
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compound and was reported there for the first time (Zhan et 
ah, 2017): 



VII VIII 


Fungus Aspergillus niger VKM F-l 119 on malt 
extract-sucrose-peptone medium hydroxylated artemisinin to 
5(3-hydroxyartemisinin (IX, yield 80%) and 7(3- 
hydroxyartemisinin (V, yield 19%) (Parshikov et ah, 2006): 



O 

IX 

Later, were reported about others metabolites of 
artemisinin (I) obtained with same strain Aspergillus niger 
VKM F-l 119 (Zhan et ah, 2015) on malt extract-sucrose- 
peptone medium that seems impossible. Probably, strain 
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Aspergillus niger VKM F-l 119 long time was keeped in 
Olemiss (USA) laboratory (dried slants in work table from 
2006 to 2015) and as result was infected (Zhan et al., 2015). 
Qualified microbiologists should take part in that job also. 

Three strains of Umbelopsis ramanniana (Mucor 
ramannianus ) on malt extract-sucrose-peptone medium 
hydroxylated artemisinin in 14 days to 7(3- 
hydroxyartemisinin (V, yield 51-88%), 6(3- 
hydroxyartemisinin (VI, yield 1-51%), and two other 
isomers (Parshikov et al., 2005). 

White-rot basidiomycetes Pycnoporus sanguineus and 
Funalia trogii. on malt extract-sucrose-peptone medium 
hydroxylated artemisinin in 14 days to 5(3- 
hydroxyartemisinin (IX, yield 92.1%) and 7(3- 
hydroxyartemisinin (V, yield 89.7%) (Parshikov et al., 2018) 

Penicillium chrysogenum ATCC 9480 on dextrose- 
peptone-yeast extract medium transformed artemisinin to 
two inactive compounds, deoxyartemisinin (II, yield 1.0%) 
and 4a-hydroxydeoxyartemisinin (IV, yield 3.6%) in 13 days 
(Lee et al., 1989). Cunninghamella echinulata AS 3.3400 
and Aspergillus niger AS 3.795 on potato medium in four 
days transformed artemisinin to 6(3-hydroxyartemisinin (VI, 


it 



yield 50%) and 4a-hydroxydeoxyartemisinin (IV, yield 
15%), respectively (Zhan et al, 2002a), and Mucor 
polymorphosporus AS 3.3443 on potato medium produced 
7|3-liydroxyartemisinin (V) and two other hydroxylated 
products (Zhan et ah, 2002b). 

The bacterium Streptomyces griseus ATCC 13273 on 
dextrose-yeast extract-soybean meal medium oxidized 
artemisinin to a less active ketone, artemisitone (X, yield 
12.5%), in 3.5 days (Liu et ah, 2006). Penicillium 
simplicissimum modified artemisinin to produce 4f3-acetoxy 
and 4a-hydroxy derivatives (Goswami et al., 2010). 



2. Transformation of 10-deoxoartemisinin 

Semisynthetic derivatives of artemisinin also have 
interested researchers seeking possible microbiological 
modifications. For example, U. ramanniana 1839 on 
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dextrose-peptone-yeast extract medium transformed the 
semisynthetic antimalarial drug 10-deoxoartemisinin (XI) to 
the inactive 4a-hydroxydeoxy-10-deoxoartemisinin (XII, 
yield 7.0%) and the partially active 7[3-hydroxy- 10- 
deoxoartemisinin (XIII, yield 10.9%) in 14 days (Khalifa et 
ah, 1995). Cunninghamella elegans ATCC 9245 on malt 
extract-sucrose-peptone medium transformed 10- 
deoxoartemisinin (XI) to three hydroxylated derivatives, 513- 
hydroxy-10-deoxoartemisinin (XIV, yield 8.8%), 4a- 
hydroxydeoxy-10-deoxoartemisinin (XII, yield 4.6%) and 
7[3-hydroxy- 10-deoxoartemisinin (XIII, yield 83.9%) 
(Parshikov et ah, 2004b): 




XI 


XII 
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Medeiros et al. (2002) optimized the conditions for 
transformation of XI and obtained on potato/dextrose broth a 
45% yield of XIII, which despite its lower antimalarial 
activity may be useful for further transformations, in 14 days. 
Formation of compound XIII was accompanied by formation 
of products XV, XVI and XVII (Medeiros et ah, 2002): 



XV XVI XVII 

Aspergillus niger on malt extract-sucrose-peptone 
medium (true medium see by reference Parshikov et ah, 

2006) hydroxylated 10-deoxoartemisinin (XI) to 7[3-hydroxy - 
10-deoxoartemisinin (XIII, yield 69%) and 15-hydroxy-10- 
deoxoartemisinin (XVIII, yield 26%) (Parshikov et ah, 
2004c). 
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XVIII 

3. Transformation of artemisitene 

A minor sesquiterpene of Artemisia annua , 
artemisitene (XIX), can also be produced chemically from 
artemisinin (Chaturvedi et al., 2010). Artemisitene was 
transformed by A. niger NRRL 599 on dextrose-glycerol- 
yeast extract-peptone medium to 9a-artemisinin (XX), 7(3- 
hydroxydeoxy-9a-artemisinin (XXI) and 7(3-hydroxy-9a- 
artemisinin (III), which has antimalarial activity (Orabi et ah, 
1999): 



XIX XX XXI 
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Three isoprene units are used to make up the 
sesquiterpenoids, many of which have anti-inflammatory and 
other medicinal properties. Sesquiterpenoid drugs have been 
used in the treatment of diseases including cancer, 
cardiovascular disease, and malaria (Bhatti et ah, 2009; 
Huang et ah, 2012). 

Conclusion 

A work with artemisinins may suggest new 
biotransformation experiments that use fungi to produce new 
drug candidates. The most useful biotransformations should 
be amenable to improved methods and scale-up so that larger 
quantities of new metabolites may be made available for 
investigation. 

Currently, artemisinin derivatives appear to be the 
most promising sources of new terpenoid antimalarial drugs. 
The main route selected by most researchers for the 
preparation of derivatives begins with chemical reduction of 
the carbonyl at position 10 of artemisinin to produce the toxic 
antimalarial compound dihydroartemisinin (Klayman, 1985; 
Li et ah, 1998; Chaturvedi, 2011). 

Arteether can be converted to several metabolites, not 
only by mammalian systems but also by fungi and bacteria 
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(Vroman et al., 1999). Other chemical derivatives of 
artemisinin may be useful in the future for the microbial 
biosynthesis of new drugs with novel therapeutic properties. 
The combination of artemether with the unrelated drug 
lumefantrine is one of five artemisinin-based combinations 
currently recommended by the World Health Organization 
(WHO) for treatment of malaria (Omari et al., 2004; O’Brien 
et al., 2011). Various laboratories now are conducting 
research on hybrid trioxaquine molecules that have two 
different modes of action (Chauhan et al., 2010), such as a 
drug combining the structures of artemisinin and quinine that 
is highly effective against P. falciparum (Walsh et al., 2007). 
Also artemisinin-acridine hybrids have good antitumour and 
antimalarial activity (Jones et al., 2009). 

The mechanisms of action of artemisinin and its 
derivatives on malaria parasites have not been completely 
studied, but there is evidence that the endoperoxide group 
plays an important role in antimalarial activity (Vroman et 
al., 1999; Muraleedharan and Avery, 2009; Fernandez and 
Robert, 2011). The endoperoxide linkage breaks down under 
the influence of heme iron, with formation of an oxy free 
radical and then a carbon free radical, which interacts with 
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proteins of the parasite to cause its death (Chaturvedi et ah, 

2010 ). 

Some of the artemisinin derivatives, especially the 
trioxane dimers, are selectively cytotoxic; they have been 
shown not only to target cancer cells by inducing apoptosis 
but also to prevent tumor growth by antiangiogenesis 
(Beekman et ah, 1998; Posner et ah, 2006; Nakase et ah, 
2008). The endoperoxide moiety required for antimalarial 
activity also appears to be required for cytotoxicity toward 
tumor cell lines (Beekman et ah, 1998; Meunier and Robert, 
2010). Therefore, in the development of microbial 
biotransformation processes for the derivatization of 
artemisinin, the endoperoxide group should be preserved. 

Among the microbial biotransformation processes 
described here, the ones of greatest interest are those for the 
regiospecific and stereospecific hydroxylation of artemisinins 
because they increase solubility and provide sites for further 
modification (Medeiros et ah, 2002; Parshikov et ah, 2006). 
Microbial biotransformation procedures can be used to obtain 
artemisinin derivatives hydroxylated in almost any position, 
including some not obtainable by organic synthesis, such as 
7[1-hydroxyartemisinin (Parshikov et ah, 2004a; Khor and 
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Uzir, 2011). These metabolites may be used for further 
chemical or biological transformations that yield many 
potential candidate drugs from one compound. However, it 
should be remembered that the structure of metabolites often 
depends on the composition of the nutrient medium. 

Future research on antimalarial artemisinins should 
include studies of the biochemistry of the most useful 
biotransformations and of the antiplasmodial efficacy and 
toxicity of each of the metabolites. The compounds that are 
most effective against drug-resistant strains of P. falciparum 
or P. vivax may be produced in higher yields by the use of 
biotechnology. New biotransformations of artemisinins, 
perhaps combined with chemical derivatization, may provide 
ways to overcome parasite resistance to currently used 
antimalarial drugs. 

Hydroxylated derivatives of artemisinins obtained by 
microbial techniques may be used to create hybrid molecules 
based on molecules of other drugs. 
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